Enterovirus 71 (EV71), a positive-stranded RNA virus, is the major cause of hand, foot, and mouth disease (HFMD) in children, which can cause severe central nervous system disease and death. The capsids of EV71 consist of 60 copies of each of four viral structural proteins (VP1 to VP4), with VP1, VP2, and VP3 exposed on the surface and VP4 arranged internally. VP1 plays a central role in particle assembly and cell entry. To gain insight into the role of positively charged residues in VP1 function in these processes, a charged-to-alanine scanning analysis was performed using an infectious cDNA clone of EV71. Twenty-seven mutants containing single charged-to-alanine changes were tested. Sixteen of them were not viable, seven mutants were replication defective, and the remaining four mutants were replication competent. By selecting revertants, second-site mutations which could at least partially restore viral infectivity were identified within VP1 for four defective mutations and two lethal mutations. The resulting residue pairs represent a network of intra-and intermolecular interactions of the VP1 protein which could serve as a potential novel drug target. Interestingly, mutation K215A in the VP1 GH loop led to a significant increase in thermal stability, demonstrating that conditional thermostable mutants can be generated by altering the charge characteristics of VP1. Moreover, all mutants were sensitive to the EV71 entry inhibitor suramin, which binds to the virus particle via the negatively charged naphthalenetrisulfonic acid group, suggesting that single charged-to-alanine mutation is not sufficient for suramin resistance. Taken together, these data highlight the importance of positively charged residues in VP1 for production of infectious particles.
IMPORTANCE
Infection with EV71 is more often associated with neurological complications in children and is responsible for the majority of fatalities. No licensed vaccines or antiviral therapies are currently available for the prevention or treatment of EV71 infection. Understanding the determinants of virion assembly and entry will facilitate vaccine development and drug discovery. Here, we identified 23 out of 27 positively charged residues in VP1 which impaired or blocked the production of infectious particles. The defect could be rescued by second-site mutations within the VP1 protein. Our findings highlight the importance of positively charged residues in VP1 during infectious particle production and reveal a potential strategy for blocking EV71 infections by inhibiting intra-or intermolecular interactions of the VP1 protein.
E
nterovirus 71 (EV71) is a nonenveloped icosahedral RNA virus belonging to genus Enterovirus within the family Picornaviridae. Since its first isolation from the stool of an infant with encephalitis in California in 1969 (1), EV71 has been recognized as a major cause of hand, foot, and mouth disease (HFMD), which is associated with severe neurological symptoms in a small proportion of cases (2) . There has been a significant increase in EV71 epidemic activity throughout the Asia-Pacific region since 1997 (3) (4) (5) (6) (7) . No approved antiviral therapeutics are currently available for clinical treatment of EV71 infections, and approval is still pending for three EV71 vaccine candidates which completed phase III clinical trials in 2013 (8) . Understanding the molecular mechanism of viral replication is essential for the prevention and treatment of EV71 infections.
The genome of EV71 is a single-stranded, positive-sense RNA of approximately 7.5 kb or nucleotides (nt) in length, with a 22-amino-acid (aa) virus-encoded protein (VPg) covalently linked to the 5= end and polyadenylated at its 3= end. Flanked by 5= and 3= nontranslated regions (NTRs), the single open reading frame (ORF) encodes a large polyprotein, which is processed by viral proteases into four structural proteins (VP4, VP2, VP3, and VP1) and seven nonstructural proteins (2A, 2B, 2C, 3A, 3B [VPg] , 3C, and 3D) (9) . The structural proteins are involved in viral particle formation, and the nonstructural proteins are mainly responsible for viral RNA replication (10) .
The capsid of EV71 consists of 60 copies of structural subunits, which are comprised of four structural proteins, VP1 to VP4. During assembly, proteolytic processing of the viral polyprotein results in the cleavage of P1 into VP0, VP1, and VP3. These proteins assemble into protomers, five of which join together to form a pentamer and 12 of which then self-assemble into the icosahedral provirion in association with a copy of the viral RNA genome (11); VP0 is further processed into VP2 and VP4 in a reaction that is autocatalyzed by viral RNA and results in formation of the mature viral capsid (12, 13) . In the mature capsid, VP1 to -3 together form the icosahedral shell of the virion (pseudo-T ϭ 3), while VP4 is distributed on the inner surface of the particle (14, 15) . Upon binding to a cellular receptor(s), such as P-selectin glycoprotein ligand 1 (PSGL-1) (16), scavenger receptor B2 (SCARB2) (17) , sialylated glycans (18, 19) , annexin II (20) , heparin sulfate (21), or vimentin (22) , the EV71 virions undergo an important conformational change to convert into an expanded, altered "A-particle." The A-particle lacks the internal capsid protein VP4 and exposes N-terminal amphipathic sequences of VP1, allowing for its direct interaction with a lipid bilayer. The genomic RNA then exits via a 2-fold channel near the icosahedral 2-fold axis of symmetry and passes through a pore in the endosomal membrane into the cytosol, leaving behind an empty capsid shell (23) .
Among the capsid proteins of EV71, VP1 is the most external, surface accessible, and immunogenic structural protein. Several key residues in the VP1 protein involved in pathogenesis have been identified. A nonconservative amino acid change in VP1 located within the BC loop (L97R) contributes to dissemination and neurotropism in immunocompromised patients (24) . The residue at position 145 of VP1 (VP1-145) controls virus tropism by changing the accessibility of the positively charged lysine side chain of VP1-244 to the negatively charged N terminus of PSGL-1 on leukocytes (25) and has been implicated as one of the possible determinants of virulence in humans (26, 27) . Moreover, VP1 is an attractive target for identification of EV71 inhibitors. BPR0Z-194, one of the pyridyl imidazolidinones developed based on WIN compound templates, is a selective EV71 inhibitor that targets VP1, and the VP1 V192M single mutation can confer resistance to the inhibitory effects (28) . The suramin analog NF449 blocks EV71 infection at the step of virus binding, and NF449-resistant viruses contain double mutations (E98Q and K244R) in the VP1 protein (29) .
To further understand the role of VP1 in formation of infectious particles, we performed charged-to-alanine scanning of this protein. We identified 23 out of 27 positively charged residues in VP1 to be critical for infectious particle production. Further analyses identified compensatory second-site mutations within VP1. Moreover, mutant K215A displayed a higher thermal stability phenotype, and all mutants were sensitive to suramin, which was recently identified as an entry inhibitor of EV71 (30, 31) . Strategies to target these residues with inhibitors that inhibit these interactions would be predicted to impair infectious particle production, thereby limiting virus infection.
MATERIALS AND METHODS
Cells, viruses, and antibodies. African green monkey kidney cells (Vero) were propagated and maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 100 U/ml of penicillin-streptomycin in a humidified incubator with 5% CO 2 at 37°C (Thermo Scientific). EV71 strain G082 (genotype C4) was derived from an infectious cDNA clone (32) . Anti-EV71 monoclonal antibody MAB979 was purchased from Merck Millipore, Alexa Fluor 488-conjugated goat anti-mouse IgG was purchased from Life Technologies, and horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG heavyand light-chain antibody was purchased from Bethyl Laboratories, Inc.
Plasmid construction. Specific mutations in the VP1 region were constructed with an infectious cDNA clone of EV71 (designated pFLEV71) (32) using a Fast site-directed mutagenesis kit (TransGen Biotech) according to the manufacturer's instructions. The sequences of primers used for mutagenesis are available upon request. The DNA fragment containing the desired mutation was cut and pasted back into the original pFLEV71 at SphI and ClaI sites (nucleoside position 2252 and 4161 of the viral genome, respectively). All constructs were verified by DNA sequencing.
In vitro transcription, RNA transfection, and IFA. The genomelength RNA of EV71 was transcribed in vitro from the corresponding cDNA plasmids that were linearized with NotI. A MEGAscript T7 kit (Ambion) was used for RNA synthesis according to the instructions of the manufacturer. The RNA transcripts were dissolved in RNase-free water and stored at Ϫ80°C in aliquots. For each transfection, 10 g of RNA was electroporated into 8 ϫ 10 6 Vero cells in 0.8 ml of cold phosphate-buffered saline (PBS) (pH 7.5) in a 0.4-cm cuvette with the GenePulser apparatus (Bio-Rad) at settings of 0.45 kV and 25 F, pulsing three times at 3-s intervals. After a 10-min recovery at room temperature, the transfected cells were resuspended in 15 ml of prewarmed medium, and 500 l of cell suspension was seeded into each well of 8-well culture slides (BD Falcon) for immunofluorescence assay (IFA). The remaining cells were incubated in a T-75 flask at 37°C with 5% CO 2 . The viruses in the culture fluids were collected at 24, 48, and 72 h posttransfection (p.t.). Aliquots of the viruses were stored at Ϫ80°C.
For the IFA, at 48 h p.t., Vero cells transfected with genome-length RNA were fixed in cold methanol at 4°C for 30 min. The fixed cells were washed twice with PBS with 0.05% Tween 20 (PBS-T) and incubated with anti-EV71 monoclonal antibody at room temperature for 1 h, followed by three washings with PBS and incubation with Alexa Fluor 488-conjugated goat anti-mouse IgG at room temperature for 1 h. After three washings with PBS and mounting with DAPI (4=,6=-diamidino-2-phenylindole), the slides were visualized under a fluorescence microscope (Leica Microsystems). Cell images were taken at a magnification of ϫ200.
Plaque assay and infectious center assay. Virus titers and plaque morphologies were determined by plaque assay as described previously (32) . For all mutants which did not produce plaques by plaque assay, we performed an immunostaining-based infectious center assay to visualize the production of infectious noncytopathic virus (33) . Briefly, approximately 3 ϫ 10 5 Vero cells per well were seeded in a 12-well plate (Corning Costar) 24 h in advance. A series of 1:10 dilutions were made by mixing 25 l of virus sample with 225 l of DMEM containing 2% FBS and 100 U/ml of penicillin-streptomycin. Two hundred microliters of 10-fold dilutions of viral supernatant was seeded to individual wells of 12-well plates. The plates were incubated at 37°C with 5% CO 2 for 1 h with shaking every 15 min, and then the virus inocula were replaced with 1 ml of DMEM plus 0.8% methylcellulose (Aquacide II; Calbiochem) and 2% FBS. After 6 days of incubation at 37°C with 5% CO 2 , the methylcellulose layer was peeled off, and the cells were fixed in 4% paraformaldehyde (PFA) for at least 20 min at room temperature, incubated with 0.25% Triton X-100 in PBS for 20 min, washed twice with PBS, and incubated with 200 l of 1:1,000-diluted mouse anti-EV71 monoclonal antibody for 1 h at room temperature. The cells then were washed three times with PBS-T, incubated with 200 l of 1:6000-diluted HRP-conjugated goat anti-mouse IgG for 1 h at room temperature, and washed three times with PBS-T, and color was developed by using a TrueBlue peroxidase substrate kit (KPL) according to the manufacturer's instructions.
Selection and sequencing of revertant viruses. Mutant viruses defective in production of infectious virus particles were subjected to revertant analysis by continuously culturing on Vero cells up to 20 rounds. For each round of culturing, Vero cells (1 ϫ 10 6 cells) in a T-25 flask were infected with 500 l of culture supernatant derived from the previous passaging and cultured in DMEM with 2% FBS in 5% CO 2 at 37°C. The cytopathic effect (CPE) was monitored daily under a microscope. The incubation period was 5 days unless an apparent cytopathic effect appeared earlier. Viral RNA was extracted from culture supernatants using a QIAamp viral RNA minikit and then subjected to reverse transcription-PCR (RT-PCR) using the SuperScript III one-step RT-PCR kit (Invitrogen). The gel-pu-rified RT-PCR products were subjected to DNA sequencing for the entire VP1 region or whole genome.
Growth curves. Vero cells were seeded at 3 ϫ 10 5 cells per well in 12-well plates. After incubation overnight, the cells were inoculated with either the wild-type (WT) or recombinant EV71 at a multiplicity of infection (MOI) of 0.1 in duplicate wells. The inocula were removed after 1 h of adsorption at 37°C, the monolayers were washed three times with medium, and 1 ml of medium containing 2% FBS was then added to each well. The medium was sampled every 24 h until 120 h postinfection (p.i.), and the aliquots were stored at Ϫ80°C prior to titration. Virus titers in each sample were determined by plaque assay as described above.
Thermal inactivation assays. Virus suspensions were diluted in culture medium supplemented with 2% FBS to a concentration of about 10,000 PFU/ml. Aliquots (100 l) in thin-walled PCR tubes were incubated at a constant temperature (42°C) for different amounts of time, and the titer of the remaining virus in each tube was determined by plaque assay as described above. Wild-type virus was used in each heat inactivation experiment as a positive control to normalize the results.
CPE assay. CPE assay was performed as described previously (32) to test the sensitivity of mutant viruses to suramin. Briefly, Vero cells (5,000 cells in 50 l of DMEM) were seeded into each well of a white 96-well plate (Corning Costar) and incubated at 37°C with 5% CO 2 for 24 h prior to infection. Five microliters of 2-fold serial dilutions of suramin was added to the plates. Within 10 min of compound addition, 45 l of diluted virus (125 PFU, which corresponds to an MOI of 0.025 based on an initial cell plating density of 5,000 cells/well) was added to each well. In cell control wells, 45 l of assay medium was added. The final assay volume was 100 l/well. Plates were incubated at 37°C for 96 h and then allowed to equilibrate to room temperature for 30 min. Afterward, 50 l of CellTiter-Glo (Promega) reagent was added to each plate well, and the plates were incubated at room temperature for 10 to 30 min before being read with a Veritas microplate luminometer (Turner BioSystems).
RESULTS

Structure and sequence analyses of EV71 capsid protein VP1.
EV71 can be phylogenetically classified into 3 main genogroups (A, B, and C) and 11 genotypes (A, B1 to B5 and C1 to C5) based on VP1 sequences (34) . To analyze the positively charged residues in EV71 VP1, an amino acid sequence alignment among all the genotypes of EV71 was conducted. As shown in Fig. 1 , the alignment revealed a series of highly conserved amino acids across the entire region of VP1. There are 11 lysine and 16 arginine residues in the VP1 region of our EV71 G082 strain (genotype C4), and 24 of them are completely conserved among all genotypes. Residues R18 and K242 are conserved among subgenogroups B and C, whereas subgenogroup A encoded K18 and Q242, respectively. Residue K43 is conserved among subgenogroups A and C but distinct in subgenogroup B, which encodes E at this position. Structure analysis of EV71 VP1 showed that residues R120, R121, and K122 are located in ␣-helix 3, residue R130 is located in ␤ D , residue K182 is located in ␤ F , residue R236 is located in ␤ H , residues R250, R254, K256, and R259 are located in ␤ I , and the remaining residues are located in the N and C termini or loops (summarized in Table 1 ) (14, 35) . In the crystal structure of EV71, residues R120, R121, R122, R130, R254, K256, R264, and R267 were buried inside the capsid, and the remaining residues were exposed on the surface.
Phenotypic characterization of charged-to-alanine scanning EV71 VP1 mutants. To analyze the role of positively charged residues in VP1, charged-to-alanine scanning was used to create a panel of EV71 VP1 mutants. After the transfection of Vero cells with equal amounts of in vitro-transcribed genome-length RNAs, the percentages of IFA-positive cells, virus production, and plaque morphology were compared between the wild type (WT) and the mutants. IFAs showed that similar percentages of IFA-positive cells were detected for the WT and mutants R18A, K162A, K218A, and K285A, whereas the percentage of IFA-positive cells was obviously reduced for mutants R3A, R38A, K43A, and R86A and IFA was negative for the remaining mutants ( Fig. 2A and Table 1 ). In parallel, culture supernatants from transfected cells were quantified by plaque assay at each time point posttransfection to analyze production of infectious virus. Four out of the 27 mutants (R18A, K162A, K218A, and K285A) produced amounts of infectious viruses similar to that for the WT with no significant difference in plaque morphology, five mutants (R3A, R38A, K43A, R86A, and K215A) produced smaller amounts of infectious viruses than the WT with smaller plaque size, and mutants K242A and K244A were detected by infectious center assay, while the remaining mutants did not produce plaques in either the plaque assay or the infectious center assay ( Fig. 2A and B) . Sequencing of the complete VP1 gene of the 11 mutant viruses which are capable of producing infectious virus confirmed that only the engineered mutations were retained. It should be noted that the results of plaque assay are consistent with those of IFA for all the mutants except mutant K215A, which yielded infectious viruses at 72 h p.t. but was IFA negative at 48 h p.t., suggesting that the K215A mutation delayed virus particle production. Overall, these data suggest that most of the positively charged residues in VP1 are important for infectious particle production, except residues R18, K162, K218, and K285.
Revertant analysis of mutants. The identification of secondsite mutations that restore the infectivity of charged-to-alanine mutants could reveal potential interacting partners of VP1 required for production of infectious particles. Therefore, seven defective and 16 lethal mutants were subjected to revertant analysis by continuous passaging of culture supernatants on Vero cells up to 20 rounds. Cytopathic effect (CPE), an indication of the presence of infectious virus, was monitored daily under a microscope for each passage. Mutants R3A, R38A, K43A, R86A, R120A, K215A, and K242A displayed obvious CPE before 5 rounds of passage (P5); mutants K244A, R250A, and K274A displayed CPE later than P5; and no plaque-forming variant could be obtained for the remaining mutants even by P20 (Table 1) . Sequencing of the VP1 region of recovered viruses revealed a reversion to the WT sequence for mutants K43A (mixed in sequencing chromatogram), R86A, and R120A (Fig. 3A) and second-site mutations within VP1 for the remaining mutants except mutant K215A (Table 1). We then sequenced the whole genome of mutant K215A at P5, P10, and P20; however, no second-site mutations was found. These data together with the results of IFA and plaque assay ( Fig.  2A and B) confirmed that the K215A mutation only delayed virus particle production.
Verification of compensatory mutations. To verify whether the second-site mutations listed in Table 1 are indeed responsible and sufficient to restore production of infectious particles, we introduced the second-site mutations into the infectious cDNA clone with the respective original mutations. IFA, virus production, and plaque morphology were compared between the WT and the reconstructed variants with second-site mutations in VP1 after the transfection of Vero cells with genome-length RNAs. As shown in Fig. 3B and C and Table 2 , for the defective mutants R3A and R38A, the corresponding second-site mutations M63L and D40V fully restored the production of infectious particles. Double mutants R3AϩM63L and R38AϩD40V produced amounts of infectious viruses similar to that for WT with no significant difference in plaque morphology. For defective mutant K242A, both second-site mutations E92G and T100K partially restored production of plaques and combined triple mutant K242AϩE92GϩT100K produced amounts of infectious viruses similar to that for WT, with similar plaque morphology. For defective mutant K244A, second-site mutation T237N but not Q145K partially restored production of plaques and combined triple mutant K244AϩQ145KϩT237N slightly increased the infectivity of the double mutant K244Aϩ T237N, which suggests that the Q145K mutation alone was not sufficient to restore the phenotype of the original revertants but B5, C1, C2, C3, C4, and C5 is indicated in left. The numbering of amino acid sequences is based on strain G082 (genotype C4), which is used in this study. The secondary structure based on the EV71 structure model (Protein Data Bank code 3VBS) is shown above the sequence. Identical amino acids among all VP1 proteins are shown in red. The mutated positively charged residues in this study are indicated by triangles and asterisks below the sequence for nonconserved and completely conserved amino acids, respectively. The relative accessibility of each residue is shown at the bottom of the alignment: blue, accessible; cyan, intermediate; white, buried and red, not applicable. The figure was produced using ESPript.
had an additive effect on virus production. For lethal mutant R250A, second-site mutation E167K but not T41I was responsible for compensation and combined triple mutant R250AϩT41Iϩ E167K did not increase the virus production, and the viral titers of double mutant R250AϩE167K and triple mutant R250AϩT41Iϩ E167K were much lower and the plaques were smaller than the WT. For lethal mutant K274A, second-site mutation I111L could compensate for the lethal effect of K274A, as to a lesser extent could mutation A224V, and combined triple mutant K274AϩI111LϩA224V showed virus production and plaque morphology similar to those for the WT. Only for mutant R250A, which displayed CPE at P11, were the second-site mutations in VP1 not sufficient to fully restore production of infectious particles; therefore, we sequenced the whole genome of P20, but no additional mutations were found (data not shown).
In addition, multistep growth curves for all the recombinant viruses containing the additional second-site mutations were determined, except for mutants R250AϩE167K, R250AϩT41IϩE167K, and K274AϩA224V which could not produce high-titer virus for infection at an MOI of 0.1. Consistent with the results of IFA and plaque assay, viral titers of all variants increased steadily with time by 72 h p.i., and all the tested mutants except mutants K242AϩE92G, K244AϩT237N, and K274AϩI111L achieved peak titers similar to that of the WT (Fig. 3D) . Collectively, the data demonstrate that the identified second-site mutations are compensatory.
Mutant K215A displays a higher thermal stability phenotype. EV71 is a nonenveloped virus, and VP1 is the most surfaceexposed capsid protein. To ask whether charged-to-alanine mutation in VP1 can affect the thermal stability of virus, we tested the thermal inactivation kinetics for all the mutants and revertants with titers higher than 10,000 PFU/ml. Wild-type virus and mutants were incubated at 42°C for different amounts of time, and their remaining infectivities were titrated by plaque assays. As shown in Fig. 4A , mutant K215A displayed a higher thermal stability phenotype than the WT, whereas other mutants showed stability similar to or lower than that of WT. After 2 h of treatment at 42°C, the relative remaining infectivity of mutant K215A was 32.6% higher than that of WT. These results indicated that the K215A mutation greatly improved virus thermostability. Residue K215 is located within the VP1 GH loop (Fig. 4B) , which acts as an adaptor-sensor for cellular receptor attachment (14) . The VP1 GH loop undergoes a major conformational switch during uncoating, and replacement of Lys by Ala at this position perhaps impairs the movement of the GH loop during protomer extension, resulting in a delay of conversion into an A-particle and 
The mean virus titers at 48 h p.t. were determined by plaque assay from three independent experiments. An asterisk represents the titer at 72 h p.t because the titer at 48 h.p.t was below the limit of detection. ND, not detected. b For each mutant, IFA was repeated at least three times, and the positive rate was calculated from five random views under a microscope using Image-Pro Plus software. The positive rate for the WT was set as strong (ϩϩϩ) and mutant levels as strong (ϩϩϩ) (IFA positive rate Ն66.7% of that of the WT), ϩϩ (medium) (IFA positive rate between 33.3% and 66.7% of that of the WT), ϩ (weak) (IFA positive rate between 5% and 33.3% of that of the WT), and negative (Ϫ) (IFA positive rate less than 5% of that of the WT). c Defective mutants were subjected to revertant analysis by continuous culturing on Vero cells up to 20 rounds. CPE was monitored under a microscope. ND, the mutant did not display CPE by P20. d NA, not applicable; ND, not detected.
subsequent release of the genome. Both heat treatment (e.g., at 56°C for 12 min) (23) and receptor binding could trigger a conformational change that opens up the capsid to form A-particles. Thus, the K215A mutation probably delays the process of conformational change triggered by receptor binding and heat treatment, which in turn slows the release of the genome, resulting in phenotypes of delayed virus production and higher thermal stability. Taking the findings together, conditional thermostable mutants can be generated by altering the charge characteristics of VP1. Rational engineering of viable EV71 virus with increased thermostability by introduction of a stabilizing mutation(s) using reverse genetic tools is an attractive approach for development of improved vaccines which reduce the dependence on a cold chain (36, 37) . Sensitivities of mutants and revertants to an EV71 entry inhibitor. EV71 uses cell surface heparan sulfate as an attachment receptor to initiate infection (21) , and the negatively charged heparan sulfate moieties could nonspecifically interact with a region of positive charge in the capsid. We have recently identified suramin and sucralfate as EV71 entry inhibitors which could act as receptor mimetics, competing for EV71 virion binding to cellular heparan sulfate and thereby inhibiting EV71 infection (30, 32) . In particular, suramin binds to the virus particle via the negatively charged naphthalenetrisulfonic acid group (30) , which prompted us to test the hypothesis that the mutants containing positively charged-to-alanine mutations will become resistant to suramin inhibition. We then measured the sensitivities of mutant viruses to suramin in CPE assay. Surprisingly, all the mutants containing single charged-to-alanine mutations exhibited sensitivity to suramin, with less than a 1.1-fold shift in 50% effective concentrations (EC 50 s) compared to that of the WT (Fig. 4C) , and mutants K242AϩE92GϩT100K and K242AϩT100K were slightly more sensitive to suramin inhibition, which suggests that single charged-to-alanine mutation is not sufficient for suramin resistance.
DISCUSSION
The VP1 protein of EV71 plays a central role in the formation of infectious particles; however, the amino acids of the VP1 protein essential for this function are still undetermined. We sought to identify the amino acid residues of VP1 that are essential for production of infectious particles through alanine scanning mutagenesis. Our study showed that positively charged residues in EV71 VP1 are critical for this function, based on three lines of evidence: (i) most of positively charged residues (24 out of 27) are completely conserved among all the subgenogroups of EV71 (the exceptions are residues R18, K43, and K242); (ii) charged-to-alanine scanning analysis showed that 16 mutations are lethal and 7 mutations are defective; and (iii) 13 out of 23 defective or lethal mutants did not yield revertants even after 20 passages.
Given that positively charged residues in VP1 may provide electrostatic surface potential required for receptors binding or genomic RNA interactions, the charged-to-alanine mutations could block receptor binding or disrupt packaging of viral RNA, leading to a defective or lethal phenotype. Unlike PSGL-1, which is expressed mainly on leukocytes, SCARB2 and heparan sulfate can be utilized by most EV71 strains as entry receptors. Chen et al. identified residue Q172 and surrounding residues in VP1 which form the canyon as the determinants of SCARB2 binding, and using a single-round pseudotype EV71 virus infection system, they showed that R166A and R236A mutations reduced SCARB2 binding and infection on RD cells but did not interfere with virus assembly (38) . In agreement with their findings, we found that mutations R166A and R236A are lethal. Interestingly, residue R166 is also predicted to be the heparan sulfate binding site (21) , with the overlap of receptor binding highlighting its functional role during initial attachment. Beside residue R166, residues K242 and K244 could also serve as the binding sites for heparan sulfate (21) , and the defective phenotype of mutants K242A and K244A may be due to reduced heparan sulfate binding. Additionally, the crystal structure of the EV71 uncoating intermediate revealed that the N-terminal extensions of VP1 (residues 1 to 71) interact with the genomic RNA (35); therefore, the defective phenotype of mutants R3A, R38A, and K43A and the lethal phenotype of mutant R67A could be due to reduced or eliminated genomic RNA binding, although more experiments are necessary to prove this. Moreover, Lyu et al. recently reported that a hydrogen bonding network between the 5-fold-related residues K182 and D185 from a neighboring VP1 was maintained during uncoating (35) . In our study, K182A was found to be a lethal mutation that presumably disrupts the network, highlighting the importance of maintaining the hydrogen bonding network.
The structures of the EV71 mature particle, empty particle, and uncoating intermediate provide meaningful information for this study. To understand how the second-site mutations may exert their compensatory effect, we looked at the structure of the EV71 mature particle (Protein Data Bank code 3VBS). For mutant R3A, an amino acid substitution of Met to Leu at position 63 (M63L) in the VP1 protein fully restored virus production. Leu is a hydrophobic residue with a slightly shorter side chain than Met, and the side chain of Leu has lower conformational flexibility and polarizability than that of Met. Thus, a relatively conservative substitution of Met to Leu will result in a more rigid capsid. Moreover, residue M63 is located far away from residue R3 on the same VP1 monomer (Fig. 5a, left) , while it is close to residue R3 on the adjacent VP1 monomer of the pentamer (Fig. 5a, right) , raising the possibility that alanine substitution at position 3 affects the transition of protomers into pentamers and that L63 on the neighboring VP1 monomer could compensate for this defect. For mutant R38A, an amino acid substitution of Asp to Val at position 40 (D40V) in the VP1 protein fully restored virus production. Residue D40 is proximate to R38 (Fig. 5b) , and the electrostatic attraction between positively charged residue R38 and negatively charged residue D40 may stabilize the capsid during virus assemstained with DAPI (4=,6-diamidino-2-phenylindole) and is presented in blue, the positive signal of EV71 is presented in green, and results from one representative experiment of three independent experiments is shown. Plaque morphologies of WT and mutant viruses are shown in the right panels for each virus. N.D., not detectable by either plaque assay or infectious center assay. (B) Virus release of EV71 mutants after transfection. Viruses from culture supernatants were collected every 24 h after transfection. Viral titers were determined by plaque assay on Vero cells. Error bars indicate the standard deviations from three independent experiments; the dashed line represents the limit of sensitivity of the plaque assay. bly and/or entry/uncoating. According to our multiple-sequence alignment results for the VP1 protein (Fig. 1) , residues R38 and D40 are completely conserved among all EV71 genotypes, suggesting that the two residues of all EV71 viruses may interact with each other via electrostatic attractive force, thus facilitating virus production. When residue R38 is mutated to Ala, a negative to neutral change at position 40 (D40V) will balance the electrostatic surface potential, thereby restoring virus production. Along the same line, a negative to neutral change at position 92 (E92G) or a neutral to positive change at position 100 (T100K) probably alleviates electrostatic interference caused by the change of Lys to Ala at position 242 (Fig. 5c) , thereby rescuing the defect of the K242A mutation. For mutant K244A, the Q145K mutation had an additive effect on virus production, residue VP1-145 has been reported to act as a switch controlling PSGL-1 binding by modulating the exposure of VP1-244K, VP1-145 in the DE loop makes close contact with residue VP1-244 in the HI loop from an adjacent protomer (25) (Fig. 5d) , and when Q is at VP1-145, the side chain of residue K244 projects outward with the positively charged amino group exposed on the virus surface, leading to PSGL-1 binding. However, no PSGL-1 could be detected on the Vero cell surface (22) ; therefore, the defect of the K244A mutation observed on Vero cells is not due to the abolished PSGL-1 binding. The T237N mutation located in the ␤ H barrel rescued the defect of the K244A mutation, and the identical mutation was found in a recombinant EV71 virus (strain Nagoya) containing residues VP1 E98ϩG145 (25) . Taking these together with our findings, we propose an interaction model of residues VP1-145, -244, and -237 in which residue VP1-244 interacts with residue VP1-237 on the same monomer and residue VP1-145 on the adjacent monomer. Besides, residues R166, K242, and K244 were clustered symmetrically at the 5-fold axis of the pentamer and exposed on the surfaces of virus particles and thus were predicted to be heparan sulfate binding sites (21) . Replacement of these positively charged residues by alanine would reduce the heparan sulfate binding, leading to a defective (mutants K242A and K244A) or lethal (mutant R166A) phenotype; therefore, another possibility for compensatory mutations E92G and T100K for mutant K242A and Q145K for mutant K244A is that they enhanced the heparan sulfate binding by increasing positive electrostatic potential. For mutant R250A, a second nonconservative mutation, E167K (Fig. 1) , rescued the lethal phenotype of the R250A mutation. Residue E167 in the EF loop is positioned against positively charged residue R250 on the adjacent monomer (Fig. 5e) , and when Arg at the position 250 was mutated to Ala, the electrostatic attraction between residue R250 and E167 was disrupted. A replacement of Glu with Lys at position 167 increased the positive electrostatic potential, which may restore their interactions between VP1 monomers, thereby stabilizing the capsid assembly. Interestingly, mutation E167G or E167A was found to be frequently associated with the VP1 L97R mutation, which conferred increased neural cell tropism during human EV71 infection (24) , suggesting that residue E167 plays an central role in capsid assembly through interaction with residues L97 and R250. For mutant K274A, both mutations I111L and A224V could rescue the lethal phenotype of the K274A mutation. All these residues are close to sphingosine (Fig. 5f ), the pocket factor that plays an essential role in regulating particle stability (39, 40) . The side chain of Ala is much shorter than that of Lys, and thus a change of Lys to Ala at position 274 would increase the volume of the hydrophobic pocket, leading to destabilization of the capsid. Residue I111 is involved in the formation of the VP1 hydrophobic pocket (14) , and residue A224 is close to the pocket factor; therefore changes of Ile to Leu at position 111 and Ala to Val at position 224 would constrain the volume of hydrophobic pocket with their larger side chains, which in turn stabilize the capsid and rescue the lethal phenotype of the K274A mutation.
Since VP1 is the most surface-exposed structural protein in EV71, charged-to-alanine mutations in this region may result in a change in thermal stability or resistance to an entry inhibitor which binds to virus particle via the negatively charged chemical group. Our observation that mutant K215A is more thermostable suggests that it possesses a more stable capsid. Wang et al. proposed an enterovirus uncoating model from structures of EV71 in which the VP1 GH loop acts as an adaptor-sensor (14) , and the movement of the VP1 GH loop causes the conformational change during uncoating. Residues K215 and K218 are located within the VP1 GH loop; however, only mutant K215A displayed higher thermal stability and slower virus production than the WT, suggesting that a specific site(s) in the VP1 GH loop is important for sensing the heat treatment and receptor binding. A thermostable live attenuated enterovirus would be an ideal vaccine candidate, and our study indicated that the VP1 GH loop of enterovirus could be a promising target for rational vaccine design. Notably, none of the tested mutants was resistant to suramin, suggesting that single charged-to-alanine mutation is not sufficient for suramin resistance.
It should be noted that all the residues discussed in this study are still possibly involved in other aspects of the virus life cycle. By selecting revertants, we identified compensatory second-site mutations for four defective and two lethal mutants which suggest that intra-and intermolecular interactions of VP1 protein are vital The mean virus titers at 48 h p.t. were determined by plaque assay from three independent experiments. An asterisk represents the virus titer at 24 h p.t because the titers at 48 h p.t. and 72 h p.t. were below the limit of detection. ND, not detected. b IFA was repeated at least three times, and the positive rate was calculated from five random views under a microscope using Image-Pro Plus software. The positive rate for the WT was set as strong (ϩϩϩ) and mutant levels as strong (ϩϩϩ) (IFA positive rate Ն66.7% of that of the WT), ϩϩ (medium) (IFA positive rate between 33.3% and 66.7% of that of the WT), ϩ (weak) (IFA positive rate between 5% and 33.3% of that of the WT), and negative (Ϫ) (IFA positive rate less than 5% of that of the WT).
to virus production. The results provide important clues as to how these interactions between specific residues of VP1 in the same or an adjacent monomer regulate virus assembly and/or entry/uncoating. Whether a similar interaction also applies to other enteroviruses needs further investigation. Inhibiting these interactions is a potential strategy for blocking EV71 particle production. Overall, our findings will broaden our understanding of EV71 assembly and entry. This knowledge will also be useful for the development of new vaccines and antivirals against EV71. It will be of interest to see whether the results for EV71 can be applied to Error bars represent the standard deviations from two independent experiments. Differences between the WT and mutants were compared using an unpaired, two-tailed Student t test (*, P Ͻ 0.05). (B) Localization of residue K215 on VP1, where Lys is mutated to Ala. The VP1 structure (PDB 3VBS) is shown in cyan; the pocket factor sphingosine is also indicated. (C) Suramin resistance analyses of mutant viruses in CPE assay. Twofold serially diluted suramin was added to Vero cells, and the inhibitory effects of the compound were analyzed by CPE assay (see details in Materials and Methods). The data presented were obtained from two independent experiments. Error bars represent the standard deviations from two independent measurements.
other members of the Enterovirus genus or to other genera within the Picornaviridae family.
